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OBJECTIVES OF CLIMATE
CHANGE RESEARCH IN DOE

Develop confident ability to project the climate change that
would result from putative future changes in atmospheric
composition.

Develop ability to answer “what if?”” questions on future
climate change useful for planning the Nation’s and the
World’s energy future.

This is a quantitative requirement. A factor of 2 looms large!

Bring the elements of ARM and ASP to focus on the major
1ssues limiting this capability:

Climate forcing
Climate sensitivity



CLIMATE SENSITVITY

Probability Distribution Function Estimates from IPCC AR4 (2007)
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Current estimates are not well constrained.
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ESTIMATES OF EARTH’S CLIMATE SENSITIVITY
AND ASSOCIATED UNCERTAINTY

Major national and international assessments and current climate models
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Current estimates of Earth’s climate sensitivity are centered about a CO»

doubling temperature AT>x = 3 K, but with substantial uncertainty.

Range of sensitivities of current models roughly coincides with IPCC
“likely” range.
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TOO ROSY A PICTURE?

Ensemble of 58 model runs with 14 global climate models
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¢ ¢ Simulations that incorporate anthropogenic forcings, including increasing
greenhouse gas concentrations and the effects of aerosols, and that also
incorporate natural external forcings provide a consistent explanation of the

observed temperature record.

¢ ¢ These simulations used models with different climate sensitivities, rates of
ocean heat uptake and magnitudes and types of forcings.

IPCC AR4, 2007
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¢ ¢ Simulations that incorporate anthropogenic forcings, including increasing
greenhouse gas concentrations and the effects of aerosols, and that also
incorporate natural external forcings provide a consistent explanation of the

observed temperature record.

¢ ¢ These simulations used models with different climate sensitivities, rates of
ocean heat uptake and magnitudes and types of forcings.

How can this be?

IPCC AR4, 2007
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CLIMATE FORCINGS OVER THE
INDUSTRIAL PERIOD
Extracted from IPCC AR4 (2007)
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Forcing, W m-2
Greenhouse gas forcing 1s considered accurately known.
Gases are uniformly distributed; radiation transfer 1s well understood.



AEROSOL EFFECTS ON CLOUDS
AND RADIATION

Longwave
Shortwave 9
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Indirect effect
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Surface and contrails Jo
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Unperturbed Increased CDNC
absorption of cloud

(constant LWC)
radiation

(Twomey, 1974)
\Direct effects )

Drizzle
suppression.
Increased LWC

Increased cloud height

Increased cloud
(Pincus & Baker, 1994)

Heating causes
lifetime

cloud burn-off
(Albrecht, 1989) (Ackerman et al., 2000)
Cloud albedo effect/ Qaud lifetime effect/ 2" jndirect effect/ Albrecht effey KSemi—direct effect}
1st indirect effect/
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IPCC AR4 (2007) after Boucher and Haywood, 2000



CLIMATE FORCINGS OVER THE
INDUSTRIAL PERIOD
Extracted from IPCC AR4 (2007)
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Forcing, W m-2
Negative aerosol forcing substantially offsets GHG forcing.
Aerosol forcing 1s highly uncertain.



CLIMATE FORCINGS OVER THE
INDUSTRIAL PERIOD
Extracted from IPCC AR4 (2007)

Long Lived
Greenhouse Gases N,0
Tropospheric , CFCSI
Aerosols =07 CHa
Cloud Albedo -
Effect . Effoct
Total Forcing
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Forcing, W m-2
Total forcing includes other anthropogenic and natural (solar) forcings.
Forcing by tropospheric ozone, ~0.35 W m-2, is the greatest of these.
Uncertainty in aerosol forcing dominates uncertainty in total forcing.



CORRELATION OF AEROSOL FORCING, TOTAL
FORCING, AND SENSITIVITY IN CLIMATE MODELS

Nine coupled ocean-atmosphere models; two energy balance models

CO2 Doubling Temperature ATgx’ K
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Modified from Kiehl, GRL, 2007
Total forcing 1s linearly correlated with inverse sensitivities of the models.

Climate models with lower sensitivity (higher inverse sensitivity)
employed a greater total forcing.

Slope (0.8 K) 1s approximately equal to observed temperature change.
Models accurately reproduce known temperature change.




CORRELATION OF AEROSOL FORCING, TOTAL
FORCING, AND SENSITIVITY IN CLIMATE MODELS

Nine coupled ocean-atmosphere models; two energy balance models

CO2 Doubling Temperature ATgx’ K

76 5 4 3 2
T T 1 \ \
S _ ﬁ T / F Sensitivity, K/(W m-2)
— 20 15 1.0 0.7 0.5
22 \ \ \ 22 ‘
_1 2.0 o © 2.0 _
— ol
F=ATS E Sope - ]
= 1.8 ope =0.81 K oq 1
" S
216 = 16 N
5 2
214 5 1.4} B
S o
S Z 12k -
2 1.2 o 3
Correlation o
e F 1oL N
1.0 coefficient 10
r=0.79
0.8 ° i 0.8 ° N
Line denotes slope = 1
0.6 | | | | | | | | 0.6 \ \ ! \ ! \ \
04 06 08 10 1.2 14 16 18 20 22 -18 -16 -14 -12 -10 -08 -06 -04 -0.2
Inverse Sensitivity, W m2/K Aerosol forcing, W m-2

Modified from Kiehl, GRL, 2007
Total forcing 1s linearly correlated with inverse sensitivities of the models.

Climate models with lower sensitivity (higher inverse sensitivity)
employed a greater total forcing.

Slope (0.8 K) 1s approximately equal to observed temperature change.
Models accurately reproduce known temperature change.

Greater total forcing 1s due to smaller (less negative) aerosol forcing.



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)
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For AT .« =2 K,
If sensitivity ATy, 1s 3 K, no further emissions!



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)
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For AT .« =2 K,
Allowability of future emissions depends on climate sensitivity.



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)
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If AT 4« > 2.1 K and/or sensitivity AT», < 3 K, further emissions are
allowed without exceeding AT .-



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)

0.6 0.8 1.0 1.2
4.0 — ‘ ‘ :

< I«— "Likely"|range ~1 6 ———>

x

g 35 HPCC AR4 . P
|_
< : Best—> |
5 3.0 | estimate I i
(% I Present I
£ o5l | Furtherlemissions Incremental GHGs B
3 | allowed |
S
o | :
€ op Incremental GHGs
= = I already exceed |
E | allowable limit |
=
= 15 | | B
= I I

1.0 | | | | I
1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

CO, Doubling Temperature AT, s« K
If AT 4« > 2.1 K and/or sensitivity AT», < 3 K, further emissions are
allowed without exceeding AT .-

If AT 4« < 2.1 K and/or sensitivity AT», > 3 K, committed temperature
increase already exceeds AT .-



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)
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Allowable future emissions depend on climate sensitivity and AT, .
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ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial
Equilibrium Climate Sensitivity, K/(W m™2)
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Allowable future emissions or amount by which present GHGs exceed
the allowable threshold depend on climate sensitivity and AT, .



ALLOWABLE FUTURE CO2 EMISSIONS

Dependence on climate sensitivity and acceptable increase 1n
temperature relative to preindustrial

Equilibrium Climate Sensitivity, K/(W m™2)
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For AT .x =2K...
If sensitivity AT»y 1s 3 K, no more emissions.
If sensitivity AT»y 1s 2 K, ~ 30 more years of emissions at present rate.
If sensitivity AT», 1s 4.5 K, threshold is exceeded by ~30 years.



AEROSOL PROCESSES THAT MUST BE
UNDERSTOOD AND REPRESENTED IN MODELS

e er?sation Radiation transfer in clouds
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Modified from Ghan and Schwartz, Bull. Amer. Meterol Soc., 2007



APPROACH TO DETERMINE
AEROSOL FORCING

Numerical simulation of physical processes

Radiation transfer in clouds
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Isomorphism of processes to computer code

Modeling aerosol processes requires understanding these processes,
developing and testing their numerical representations, and
incorporating these representations in global scale models.



SEVEN DIMENSIONS OF AEROSOL FORCINGS

INSTANTANEOUS

SHORTWAVE LONGWAVE
CLOUD-FREE ALL-SKY CLOUD-FREE ALL-SKY
DIR IND DIR IND DIR IND DIR IND
TOTAL TOA / TOA TOA TOA
SFC SFC SFC SFC
DIR IND DIR IND DIR IND DIR IND
TOA TOA TOA TOA
ANTHRO
SFC SFC SFC SFC
SHORTWAVE LONGWAVE
CLOUD-FREE ALL-SKY CLOUD-FREE ALL-SKY
DIR IND DIR IND DIR IND DIR IND
TOTAL TOA TOA TOA TOA
SFC SFC SFC SFC
DIR IND DIR IND DIR IND DIR IND
TOA TOA TOA TOA
ANTHRO /
SFC SFC SFC SFC

24-HOUR TO ANNUAL AVG
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CLOUD-FREE ALL-SKY CLOUD-FREE ALL-SKY
DIR IND DIR IND DIR IND DIR IND
TOTAL TOA TOA TOA TOA
SFC SFC SFC SFC
DIR IND DIR IND DIR IND DIR IND
TOA TOA TOA / TOA
ANTHRO
SFC SFC SFC SFC
SHORTWAVE LONGWAVE
CLOUD-FREE ALL-SKY CLOUD-FREE ALL-SKY
DIR IND DIR IND DIR IND DIR IND
TOTAL TOA TOA TOA TOA
SFC SFC SFC SFC
DIR IND DIR IND DIR IND DIR IND
TOA TOA TOA / TOA
ANTHRO
SFC SFC SFC SFC

/ Denotes that indicated forcing is not defined.

80 Distinct aerosol forcings
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SEVEN DIMENSIONS OF AEROSOL FORCINGS
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DIRECT DETERMINATION OF AEROSOL FORCINGS AT ARM SITES

Measurements 24-7-365

Drone
Net SW and LW at TOA

3-D Characterization
of Aerosol and Cloud @)
Properties % P— ;

Characterization of 3-D
Cloud Properties by Radars,

Tomography _ — Radiometers Sunphotometers
Scannml’g 4
(Cloud Radars -

~50 Km



CONCLUSIONS

e The present uncertainty 1n climate sensitivity means that the
amount of CO» that can be added to the atmosphere consistent
with a given increase in global temperature 1s uncertain even
in sign.

e Ability to project future climate change for a given change in
atmospheric composition must be greatly improved.

e Confidence 1n such projections 1s limited by uncertainty in
Climate forcing
Climate sensitivity

e ASR 1s well positioned to make advances on both fronts.



RECOMMENDATIONS

* ASR needs to make major efforts on both fronts:

Climate sensitivity, through frequent, systematic
evaluations of model performance in the fast physics.

Climate forcing, through improved understanding and
model-based representation of aerosol processes, and
through measurement-based determination of aerosol
forcings.

* To achieve this ASR must be managed as a mission driven
program!

e To make the needed advances ASR requires a major increase
in resources.





